We investigate slow-light enhancement of stimulated Raman scattering in monolithic silicon photonic crystal defect waveguides. The applied Bloch-Floquet formalism demonstrates remarkable gain enhancements up to 10 4 at the band-edges, while considering disorder, absorption and coupling.
Introduction
In this work we demonstrate theoretically for the first time the explicit enhancement of stimulated Raman scattering (SRS) in a slow-light photonic crystal waveguides (PhCWG) through a four wave mixing formalism from the computed modes of the line-defect waveguide. Recent work has demonstrated that (SRS) in single-crystal silicon channel waveguides is a feasible means to achieve amplification and lasing via optical pumping [1] [2] [3] [4] . While still requiring an optical pump and possessing limited gain bandwidth, enhanced SRS through slow-light silicon photonic crystal waveguides can serve as an ultra-compact on-chip gain media at desired telecommunications frequencies.
The silicon PhCWG studied here, made by removing a single row in a hexagonal lattice of holes denoted as "W1 PhCWG" -and its projected band structure can be seen in Fig. 1 .This structure supports two tightly confined modes with small group velocities. The field distribution of these two modes, as computed through the plane wave expansion method, is illustrated in Fig. 2 . The strong subwavelength modal confinement of the high index contrast PhCWG leads to increased field intensities in the silicon gain media, permitting increased nonlinear interactions. In addition to increased field intensities from high index confinement, there is additional SRS enhancement from the small group velocities of the PhCWG propagating modes. Physically this enhancement originates from the effective long light-matter interaction times at small group velocities. Photon localization is observed at the band edge; the photon experiences multiple scattering processes and moves very slowly through the material structure. The guided bands of a 2D PhCWG can be designed to be as flat as desired (v g ≡dω/dk) for slow-light behavior, and group velocities as low as 10 -2 c to 10 -3 c have been demonstrated [5, 6] .
Theoretical Framework for SRS in PhCWG
SRS is an inelastic two-photon process, where an incident photon interacts with an excited state of the material (the LO and TO phonons of single-crystal silicon in our case). The strongest Stokes peak arises from the single first order Raman-phonon at center of the Brillouin zone. The generation of the Stokes photons can be understood classically as a third-order nonlinear effect and this formalism has been used to model SRS in SOI waveguides, both in CW [7] and pulsed [8] operation. It can be modeled in bulk materials as a degenerate four-wave-mixing problem involving the pump and Stokes beams. By applying the Lorentz reciprocity theorem [9] and defining the modes of the PhCWG in a Bloch-Floquet formalism within a unit 
is the effective susceptibility. Here, the effective area A eff is defined as the average modal area across the volume V 0 , Table 1 shows the results of Eq. 1 as being applied to two different PhCWG schemes for SRS. The group velocities are calculated from the slope of the projected band structure. The first (Scheme 1) involves utilizing both the guided modes of the W1 waveguide; odd-parity is the pump mode and evenparity is the Stokes mode. The wavelength separation of the modes at the edge of the Brillouin zone is designed to matched the LO/TO frequency separation of the pump and Stokes beams (15.6 THz in Si [10] ). The second (Scheme 2) utilizes a wide bandwidth PhCWG [11] , in order for the both modes to exist both in the fundamental mode and below the light line. The arrows in Fig. 1indicate the pump and Stokes frequencies for both schemes. From the results of Table 1 the Raman gain -proportional to κ/v p g v s g -is enhanced by up to approximately 10 4 (Scheme 1 with 66,000X, and Scheme 2 with 86X enhancement) times compared to bulk Si based on a comparison of the respective group velocities. The results in Table 1 also show a κ value of the same order with conventional SOI waveguides. In addition, we note a reduction in κ in Scheme 1 as compared to Scheme 2, due to the lower modal overlap. However, the single mode (Scheme 2) operation has the disadvantage that only the Stokes mode, and not both modes, are at low group velocities for enhanced SRS. These results highlight the benefits of SRS enhancement through slow-light interactions in compact PhCWG schemes. This approach can be readily extended to include two photon and bulk free carrier absorption effects. These effects, in the experimental realization of silicon SRS amplification and lasing in slow-light PhCWGs, can furthermore be surmounted with pulsed-laser operation [3] or PIN diodes [4] to sweep the free-carriers, while coupling losses can be reduced through proper adiabatic coupling. Stokes generation from intrinsic (backscatter) reflection can also be collected, in potential experimental investigations of the enhanced SRS gain in slow-light PhCWGs for silicon photonics.
Numerical Results and Discussions

